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Abstract
Carbon fiber, due to its favorable strength to weight ratio, is becoming a household term, and
is extensively used in the automotive industry. This enhanced strength is greatly reduced in
regions with damage, thus advanced techniques are needed to aid in damage detection and
quantification. Damage, such as in the form of inter-lamina and intra-lamina, respectively between
lamina and within a lamina, can arise from a host of reasons, some subtle such as a technician
dropping a wrench while performing a repair, or a visually imperceptible flaw created during the
production process. Due to the layered structure of carbon fiber laminates, damage may be
present in an interior lamina with no sign of damage on the external surface. Traditional structural
testing procedures are not acceptable as they require sectioning of the part to establish a coupon,
thus damaging the part. Even in cases where the load frame can accommodate the full part, the
test often captures the damage at the onset of failure, thus inducing further damage to the
structure. This research uses a custom drop tower to perform Low Velocity Impacts (LVI’s) –
specifically below 10 J – and induce internal damage on carbon fiber laminates, while remaining
at a Barely Visible Indention Damage (BVID) level that is below that of visual detection. We then
use an in house LabView code to perform non-invasive, non-destructive high-resolution ultrasonic
C-scans on the damaged parts. Data is post processed in MATLAB to determine the extent of the
damage that is not visible on the surface. The impacted region of the damaged laminates are
analyzed under magnification using 3D laser differential microscopy in order to validate the BVID
assumption, and to compare area of surface damage to area of internal damage. The results
shown indicate that the non-invasive approach presented in this paper shows a substantially
larger region of damage then would be estimated by optical methods and high resolution surface
morphology imaging.

Background
Impact damage can arise from a wide variety of scenarios such as a technician dropping a
tool, to a runaway shopping cart, to small road debris. These impacts may be heard and even
seen, but the extent to which the impact has harmed the composite structure is unknown. It has
been shown that impacting carbon fiber composites significantly reduces its compressive strength
[1] and delaminations as a whole cause reductions in many composite properties which make the
composite more likely to fail (i.e. [2], [3]). Thus, there is a desire to know the extent of the damaged
zone within the composite.
There has been significant research in the field of detecting and quantifying damage,
specifically delaminations, using a variety of nondestructive techniques. Garniet et al. [4]
performed a study comparing the usefulness of ultrasound, infrared, and shearography on
detecting and quantifying delaminations. Of the investigated techniques, only the 5MHz phased
array ultrasonic scanner was able to determine depth of the delamination.
Other studies have been performed using unfocused ultrasonic contact transducers [5]. Their
work produced results that showed bulk delamination area. Unfortunately the contact transducer
scanning technique has been shown to cause signal coupling issues when there is indention on
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the surface of the part [6].
In a study by Ghelli et al. [1], they performed drop tower impacts on 16 lamina think carbon
fiber laminates using impact energies of 6 J, 12 J and 18 J. For their 6 J results they present
damaged area to be between 100 mm2 and 200 mm2. In other work presented by Panettieri et al.
[7], they used a phased array ultrasonic device to investigate damage caused by Low Velocity
Impacts (LVI’s), which correspond to impact energy values of 7.5 J or less. These LVI’s produced
Barely Visible Impact Damage (BVID) ranging from 0.05 mm to 0.25 mm in depth. For their 16
lamina think laminates, at an impact energy just under 5 J, they detected the damaged area to be
between 100mm2 and just over 200 mm2. The impact energy presented in this research is 7.82 J
and the maximum area of the damaged region is around 150 mm2, but the results in this work
show the damage area being a function of depth. Additionally, the BVID caused by the drop tower
impact produce indentions around 0.04 mm in depth. The work presented in this research
presents results for damage area similar to Ghelli et al. [1] and Panettieri et al. [7].
Castellano et al. [8] presents an ultrasonic scan technique to perform scans off axis to obtain
longitudinal, shear, quasi-longitudinal, and quasi-shear waves. From the various waveforms they
are able to obtain the stiffness tensor for their fiber glass reinforced polymer, both pre and post
impact testing. Their results show a decrease in the stiffness tensor due to impact testing. Their
mathematical intensive method is effective in identifying regions of damage, but does not yield
any information as to specific location or size of the damage.
One outcome in identifying damage would be in quantifying effective structural behavior after
damage. To do this the number of plies and their respective ply orientations would need to be
known, such as that by the current authors [9]. Knowing the fiber orientation of each lamina as
well as the extent – area and propagation – of the damage could make for much simpler
macromechanics calculations, and/or finite element method modeling, to determine whether a
composite component is still strong enough to remain in operation.
In this paper ultrasonic immersion scans are performed on the front (tool, impact) surface as
well as the back (bag) surface of the carbon fiber laminate. The back surface is scanned to
determine how deep the delamination propagates through the thickness of the laminate.

Laminate Fabrication
Carbon fiber laminates are manufactured in house using a Vacuum Assisted Resin Transfer
Method (VARTM) technique highlighted in Figure 1. A 3K, 6oz, plain weave carbon fiber from
ACP composites is used in all laminates with a Proset INF-114 resin and INF-211 hardener. The
aluminum tooling is coated with a release agent and checked for any visible surface defects before
the carbon fiber is placed on the tooling surface. Peel-ply and infusion mesh are placed on top of
the carbon fiber. The peel ply allows the removal of the infusion mesh after the laminate has
cured. The infusion mesh helps provide uniform resin infusion across the part. Once laminates
are cured, following the manufacture’s cure cycle, they are removed from the tool and cut into
3in x 8in specimens using a tile saw.
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Figure 1: (Lett) Schematic highlighting the VARTM process, and (Right) Image showing a bagged part prior to
infusion

Drop Tower Damage
A custom in-house drop tower is used to impact the carbon fiber laminate specimens. This
drop tower and impactor are based off of the apparatus described on ASTM D7136 [10]. The
purpose of using a drop tower for this research is to damage carbon fiber laminates in a controlled
and repeatable manor. The impactor and sled mass was held constant at 3.85 kg, and an impact
energy between 5 J and 8 J was desired to align with [1] and [7]. Since impact properties are not
of interest in this work, we deviate slightly from the ASTM standard. For this research we modified
the sample holder by placing a 0.635 cm (0.25 in) think aluminum plate across the rectangular
hole in the drop tower specimen holder. A 0.9525 cm (0.375 in) think foam core with density of
64.07 kg/m3 (4 lb/ft 3) is placed on a solid aluminum plate without any hole, and the carbon fiber
specimen is placed on top of the foam core, shown in Figure 2. The aluminum and foam core are
used to absorb energy and prevent bending of the laminate so the back side of the laminate does
not have any visible damage. This configuration is clamped in place and the impact location is
indicated with a silver paint marker. Once the sled and impactor are released, the laminate is
struck once. Pneumatic actuators controlled by an Arduino uno connected to a vibration sensor
prevents subsequent impacts. The impactor is hemispherical and has a diameter of 15.75 mm.
Multiple laminates were impacted while trying to fine tune the drop tower parameters. This paper
presents in detail the results for one of the damaged laminates. The initial distance between
impactor and the impact surface (top surface of the laminate) is 20.7 cm. This height was chosen
because it produced minimal surface damage while still causing internal damage, which is shown
m
later in this paper. The corresponding impact velocity and impact energy are 2.0 and 7.8 J,
s
respectively.
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Figure 2: Drop tower with carbon fiber laminate

Immersion C-Scan
A custom ultrasonic C-scan immersion system, shown in Figure 3, has been developed to
non-destructively scan the interior of composite parts. The current study uses a pulse echo
configuration with a 15 MHz spherical focused transducer with a nominal focal length of
38.1 mm (1.5 in). The ultrasonic signal is sent and received through a USUltratek EUT3160 at a
sampling frequency of 160MHz. A Linear Voltage Displacement Transducer (LVDT) by RDP
Electronics with an infinite resolution over a ±50 mm linear range is used to monitor the ultrasonic
transducer position to accurately determine when the pulsar/receiver should fire. Each time a
signal is sent and received, the data collected is called an “A-scan”. Additionally, a Velmex motor
controller with two Velmex X-Slides are used for ultrasonic transducer translation, one slide for 𝑋𝑋1
translation and the other for 𝑋𝑋2 translation. The 𝑋𝑋1 translation screw has a resolution of
0.00125mm/increment, and the 𝑋𝑋2 translation screw has a resolution of 0.0025 mm/increment.
This study is looking for features on the order of a few millimeters so a resolution of 0.2 mm/A-scan
is used for both the 𝑋𝑋1 and the 𝑋𝑋2 translation. All the components during scanning are controlled
by an in-house LabVIEW program.
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Figure 3: Immersion tank setup
A C-scan is performed on the carbon fiber laminate before it is subjected to drop tower impact.
This scan is then compared to the C-scan after the laminate is impacted. An aluminum “L” marker
is placed in the bottom left corner of the scan area, shown in Figure 4. This insures that the same
area is scanned pre and post impact and can be used in post-processing to align the images. The
scan in the 𝑋𝑋1 dimension encompassed 7.62 cm and 5.08 cm in the 𝑋𝑋2 dimension. Each C-scan
took approximately 2 hours in our custom system with over 96,000 individual A-scans being
captured. The “Scan Path” shown in Figure 4 represents the path in which the ultrasonic
transducer takes to perform the scan.

Figure 4: Path for ultrasonic C-scan
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Results
Figure 5 is a photograph of the damaged carbon fiber laminate. The laminate is placed at an
angle with a reflection to emphasize the subtle indention. At most angles with a uniform light
source, the impact would not be perceptible. The C-scan image for the pre-impacted laminate
and for the post-impacted laminate are shown in Figure 6, respectively the left and right image.
The C-scan images are of the same location in the carbon fiber laminate both in the 𝑋𝑋1 − 𝑋𝑋2 plane
as well as the depth within the laminate. For these figures, the C-scan presented is of the interface
between lamina 5 and lamina 6, and the color bar is the normalized signal intensity. To aid in the
discussion an interface nomenclature is introduced where the interface is referred to as the
vertical bar. Thus 5|6 represents the interface between lamina 5 and lamina 6 as counted from
the front surface of the laminate. Notice in Figure 6 the dark blue shape surrounding 𝑋𝑋1 = 35 mm
and 𝑋𝑋2 = 20 mms surrounded by a couple high reflection smaller objects. The dark blue region
represents a loss in signal. This loss in signal is due to the damage prior to getting to this depth
in the laminate, which is often voids created in the resin rich regions and reflect a large about of
the ultrasound signal back to the transducer. Because of this high signal reflection, there is not
enough signal to refract deeper in to the part to see past the damage. The high intensity red
regions in this figure are the additional damages at this depth in the laminate.

Figure 5: Damaged carbon fiber laminate

Figure 6: C- Scan pre-impact (left) and post-impact (right) showing the region between the fifth and sixth lamina
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Using a tracing function in MATLAB, the boundary of the damaged region at multiple depths
within the laminate was manually identified. An example of the traced out damaged region is
show in Figure 7. The damaged region is outlined in black on the C-scan and the C-scan
corresponds to the 1|2 interface. A total of nine locations were chosen to outline the damaged
region: (1) front surface, (2) 1|2, (3) 2|3, (4) 3|4, (5) 4|5, (6) 5|6, (7) 6|7, (8) 7|8, and (9) the last
lamina. These damaged regions are extracted from the image and plotted in 3D as seen in
Figure 8.

Figure 7: Representation of damaged region at 1|2

Figure 8: Depiction of edge detection of damage progression within the laminate based on tool side C-scan
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Figure 8 shows that as you move through the laminate the damaged region propagates, and
spreads out radially. For example, from Figure 8, it is clear that the damaged region of the top
lamina is less than that of the region between the fifth and sixth lamina (5|6). The damaged
areas are calculated and presented in Table I This table shows that interface 5|6 has the largest
damaged region, with a damage zone encompassing 156 mm2. Interface 4|5 and 6|7 are
relatively close in area compared to interface 5|6. They are 4.3% and 8.0% less than interface
5|6, respectively. It can also be seen that the damage area at the interface 5|6 is nearly 110%
greater than the damaged area at the top lamina. To help visualize the difference in the
damaged area two figures are presented. The left image in Figure 9 is looking down at the front
lamina and the subsequent regions are stacked beneath. This figure is additional confirmation
that the top surface has significantly less damage than deeper laminas. The right image in
Figure 9 is looking at the bottom lamina and the additional surfaces are stacked behind it
(bottom, 7|8, 6|7, 5|6,…,top), and the damage on the back edge nearly covers all layers above.
It is unclear from this one sided scan if the back layer is damaged, or if the lamina above are
essentially presenting an acoustic shadow, and this will be discussed later in this section.
Table I: Area of the nine examined damage regions from the tool side C-scan
Location
Area
(mm2)

Top
Surface
74.36

1|2

2|3

3|4

4|5

5|6

6|7

7|8

105.2

116.13

144.88

149.27

156.02

143.49

110.68

Bottom
Surface
144.72

Figure 9: Top to Bottom (left), Bottom to Top (Right)
The damaged region of the top lamina seen acoustically appears to be larger than that
observed optically on the surface. To investigate this is detail, the impact indention depth and
area were measured using a Keyence VR-3000 at 25X magnification. Figure 10 shows the
region of impact under the 3D microscope highlighting the depth of indention. The damaged
region boundary is selected with the 3D microscope and is shown in Figure 11.
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Figure 10: Image of indention

Figure 11: Damaged indention region
There are two main reasons for performing the 3D imaging. First, it was show that there is
barely visible damage, the damaged region shown in Figure 11 has a cross sectional surface area
of 21.4 mm2 and an average indention of just less than 0.04 mm. But using the non-invasive Cscan technique the damaged zone just under the surface was almost 75 𝑚𝑚𝑚𝑚2 . Second, is to show
that barely visible damage and a small cross sectional indention area do not mean that there is
small internal damage. The largest calculated internal damage from the non-invasive C-scan
technique is 156.02 𝑚𝑚𝑚𝑚2 , which is almost 7.5 times greater than the damaged region obtained
from the 3D microscope on the surface of the laminate.
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Ultrasonic C-scans were performed on the bag side of the carbon fiber laminate. Figure 12
shows the damage progression when scanning from the back of the laminate. The lamina
interfaces count backward because the 12th lamina is the top lamina, when scanning from the bag
side, and our last lamina is lamina 1. When scanning from the bag-side, damage is picked up in
the 9|8 interface, which is deeper than what was picked up when scanning from the tool side.
When comparing the maximum value of damaged area between the tool side scan and the bag
side scan, it is seen that the tool side scan yields a maximum damage area nominally 1.7% greater
than that of the bag side scan, which is well within the expected error bounds from this manual
process. What is different is the measured damaged zone deeper into the part are caused by
damaged zones closer to the top scan surface casting an acoustic shadow on the lamina deeper
in to the part. This causes the damage in lamina behind the largest damaged area to appear
larger than they really are.

Figure 12: Depiction of edge detection of damage progression within the laminate based on bag side C-scan
Table II: Area of eight examined damage regions from the bag side C- scan
Location

9|8

8|7

7|6

6|5

5|4

4|3

3|2

Area
(mm2)

54.86

123.2

86.04

93.64

125.5

96.33

152.1
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Top
Surface
153.3

Conclusion and Future Work
The ultrasonic immersion technique described in this paper has proven to be a viable option
for studying the progression of damage in a carbon fiber laminated composite. When scanning
from the tool – impact – side damage is seen as deep as the 7|8 interface. However, when we
scan from the bag-side, damage is picked up at the 9|8 interface, which corresponds to one
interface deeper than what was picked up from the tool side scan, when referencing from the tool
side.
Based on the tool side scan, damage is shown to grow as you progress deeper in to the
laminate. When combining the bag side scan with the tool side scan it appears that the damage
may not continue to spread all the way to the back surface, but may contract radially or not be
present at all. However, transition 8|7 in the bag side scan is an outlier to this theory. It should be
noted that the bag side of the laminate is very rough, and it is very difficult to get a quality C-scan.
There were also a few pockets of high intensity signal reflection prior to the 9|8 interface. We were
still able to see past them so they are not believed to be damage. Bag side scanning is an area
for improvement in future work.
The use of a 3D imaging technique allowed us to confirm that we had barely visible damage
and that even though damage may be small on the surface it can be substantial in subsequent
lamina. In the present study, the surface imaging showed damage of less than 22 mm2 but there
was a damaged zone of almost 75 mm2 just under the surface, and over 150 mm2 in the core.
Future work includes cutting out cross sections of the damaged region using a low speed saw
and imaging these cross sections with the 3D laser differential microscope and/or a Scanning
Electron Microscope (SEM). In addition, better quality bag side scanning is desired as well as
testing a composite laminate that has other ply orientations besides all 0/90 plain weave. Having
12 lamina of all repeated orientation has made the visual analysis slightly more complicated.
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